The interaction of quinidine with various body proteins may well be the fundamental process through which quinidine exerts its many effects. For example, quinidine binding with membrane lipoprotein may lead to decreased membrane permeability to passive ion movement. This permeability change has been held responsible for the quinidine-induced alterations in sodium and potassium exchange in cardiac muscle (1) (2) (3) (4) . Quinidine binding with critical enzyme proteins may be responsible for the alterations in intermediary metabolism which have been ascribed to quinidine (5) . In our experience, glucose-6-phosphate dehydrogenase activity is reduced in vitro by quinidine. Finally, the known binding of quinidine to albumin may protect the cell against the action of quinidine by making less drug available at cellular sites. The nature of the interaction with protein of quinidine and of other compounds having a similar chemical structure seemed, therefore, to warrant an investigation.
Albumin is readily available in adequate amounts and in relative purity. As noted above, it is known to complex with quinidine. Further, the state of the quinidine-albumin interaction might be considered as a prototype of the "protective" form and perhaps characteristic of all forms of quinidine binding to protein. For Quinidine may be considered structurally as 4-hydroxymethyl-6-methoxy-quinoline connected by the secondary alcohol bridge to a quinuclidine ring. Therefore, not only was the effect of quinidine binding to albumin studied but also the binding to albumin of 4-hydroxymethyl-6-methoxy-quinoline,4 6-methoxy-quinoline, 4-hydroxymethyl quinoline,5 quinoline, and naphthalene. The hydrochloride salt was used in all cases except that of naphthalene. These compounds were used as a means of evaluating the contribution of binding of the various parts of the quinoline molecule. In addition, the competitive or inhibitory effects of all of the above substances, except naphthalene, on quinidine-albumin binding were studied during the presence both of quinidine and of one of the other compounds in the system. The part played in the binding reaction by the quinuclidine 1 Obtained from the Red Cross in solution form and from Pentex Co., Kankakee, Ill., in crystalline form. On paper electrophoresis both migrated as homogeneous peaks corresponding to albumin when barbital buffer (pH 8.6) and an ionic strength of 0.075 were used. ring was evaluated in part through a study of the inhibitory effects of triethylene diamine (TED) and of benzyl alcohol on the quinidine-albumin interaction.
Quinidine concentration in protein and nonprotein solutions was determined in the Beckman DU spectrophotometer by the method of Josephson, Udenfriend and Brodie with ethylene dichloride as the extracting agent (6) . The concentrations of 4-hydroxymethyl-6-methoxyquinoline, 6-methoxy-quinoline, 4-hydroxymethyl-quinoline, quinoline, and naphthalene were determined in a similar fashion. However, the concentration of the first two compounds, as well as that of quinidine, was determined at 250 miu, while that of the 4-hydroxymethylquinoline and quinoline was determined at 235 mju and that of naphthalene at 220 myA. In those experiments in which use was made of two compounds, both having an appreciable reading at the same wave length, the compounds were first separated on an acid alumina (Woelm) column with a solvent phase consisting of increasing (0.5 and 4.0 per cent) concentrations of ethanol in ethylene dichloride. Simultaneous recovery experiments were carried out following the addition of measured amounts of these various compounds both to the albumin and to the buffer solution of the dialysis system. If the recovery was not 100 + 10 per cent, the experimental data were discarded. Recoveries from the column were 85 ± 5 per cent. From the concentrations of quinidine (or other compounds) measured on the two sides of the dialysis membrane, the free and bound fractions were calculated after a minor correction for the Donnan effect of protein.
The stoichiometric relationships and the dissociation constants of the drug-albumin complexes were evaluated as follows. The determinations of the bound fraction of the drug were made after the addition to the system of amounts of quinidine and/or quinoline compound varying from 100 to 50,000 yg. The formula reproduced by Goldstein (7) was solved to obtain values for the unknowns, K and n, which represent the dissociation constant and the stoichiometric relationships, respectively.
The formula is 0 = 1 + (K/nP) + (x/nP)where equals the fraction of bound to total drug, K equals the dissociation constant of the drug-protein complex, x equals the molar concentration of free drug, n equals the number of receptor locations in the albumin molecule for each drug molecule, and P is the molar concentration of the protein, here albumin. From the experimental data, solutions for the two unknowns were achieved either through the use of simultaneous equations or through the graphic plotting described by Goldstein (7 The binding of quinidine to y-globulin. To the extent that these solutions resemble plasma, the K and n values obtained at pH 7.4 may be used to predict the protein-bound fraction of quinidine in the serum of patients given commonly employed doses of quinidine. With an average serum albumin concentration of 4 g per cent and a therapeutic serum-quinidine concentration of 5 mg per L (total concentration) the predicted value for the bound fraction would be about 80 per cent. A nearly identical value (0.78) has been reported to be the fraction of quinidine and also quinine normally bound in human serum (9, 10) . The similarity of these figures suggested that quinidine is not bound to any significant extent by serum globulin and led us to test this hypothesis experimentally. As the data from the albumin experiments would suggest, the amount of quinidine bound to y-globulin in a dialysis equilibrium system was not significantly different from zero.
The binding of 4-hydroxymethyl-6-methoxyquinoline to albumin. The results of the binding studies carried out with this drug are shown in Table I . The calculated n indicates that there are three receptor locations for 4-hydroxymethyl-6-methoxy-quinoline in each mole of albumin. The dissociation constant is 2 x 10-4 and the association constant is 5 x 103. The calculated free energy of binding is 5.0 kg-cal, only slightly less than that calculated for quinidine-albumin binding. Consequently, by inference the quinuclidine ring contributes only slightly to the binding.
The binding of 6-methoxy-quinoline to albumin. Results for the interaction of 6-methoxyquinoline with albumin are shown in Table I. The results indicate that 6 moles of this drug are bound by each interacting molecule of albumin. The dissociation constant is 6 x 10-4. The association constant is therefore 1.7 x 103, and the free energy of binding 4.4 kg-cal.
The binding of 4-hydroxymethyl-quinoline to albumin. The results for the binding of this drug to albumin are shown in Table I . Calculations indicate four receptor locations for this drug in each molecule of albumin. The dissociation constant is 9 x 10-3. This is equivalent to an association constant of 1.1 X 103. The free energy of binding is calculated at 4.1 kg-cal.
The binding of quinoline to albumin. The results for the binding of quinoline to albumin are shown in Table I . They indicate that there are eight receptor areas for quinoline in the albumin molecule. The dissociation constant is 1.7 x 10-3, equivalent to an association constant of 6 X 102. The calculated standard free energy of binding is 3.5 kg-cal.
The binding of naphthalene to albumin. Because of the extremely low solubility of naphthalene in aqueous solutions it was impossible to vary the free concentration so as to determine with adequate accuracy either the number of albumin receptor areas for naphthalene or the dissociation constant for the reaction. From Per cent of quinoline compound experimentally bound. § Per cent of quinoline compound expected bound on basis of K and n in Table I. 1 i Per cent of quinidine experimentally bound in presence of quinoline drug and albumin concentration of 2 X 10-4 M.
Per cent of quinidine expected to be bound in presence of the amount of bound quinoline drug noted experimentally in column three (see footnote6 in text).
** Per cent of quinidine predicted as bound if the quinoline drugs did not compete for albumin receptor or were not present in the solutions. 6 Preliminary assumptions were made that not only the quinoline compound and quinidine were competing simultaneously for one reaction area in albumin but also that the dissociation constants obtained experimentally for the quinoline compound-albumin interactions Table  II . The addition of sufficient 4-hydroxymethyl-6-methoxy-quinoline to the system to achieve a 6.4 X 10-4 M concentration of free drug reduced were applicable to interaction at this one location. The predicted value for the fraction of quinidine bound in the presence of other drugs was then obtained as follows. The fraction of quinoline (competing) drug found to be bound experimentally (column 3, Table II) gives an equation relating the concentration of bound drug to the total drug concentration in the albumin solution. This relationship was used with a second equation relating the measured concentration of unbound or free quinoline to the concentration of bound drug and to the total concentration. In the case of 4-hydroxymethyl-6-methoxyquinoline, 0.40 total equals bound, and total equals 6.4 X 10' plus bound. Solution of the simultaneous equations gives a value for the concentration of drug bound to albumin. This concentration divided by the number of protein receptor areas for the drug gives the concentration of drug bound at the one location at which quinidine may attach or compete. This result then presumably gives the concentration of protein receptor areas covered by competing drug and not available for quinidine binding-4.27 X 10'/2.9 (Be/n) equals 1.47 X 10'. The difference between this value and the total available areas (PR or 2 X 10' X n or 1) gives the concentration of protein receptor locations still available for quinidine-albumin interaction, (2 X 10 -1.47 X 10-4 equals 0.53 X 10'). By substitution of this value, along with the appropriate K, n, and F, for quinidine, in the Goldstein equation a predicted value for the bound fraction of quinidine is obtained (column 6, The effects of triethylene diamine and benzyl alcohol on quinidine binding With albumin. An attempt to learn something further about the importance of the quinuclidine ring and the alcoholic OH site to the binding reaction was carried out through the addition of varying amounts of TED or of benzyl alcohol along with quinidine to the dialysis system. Addition of benzyl alcohol, which presumably might compete for an albumin site with the combined quinuclidine ring and adjacent alcohol fragment of quinidine, led to the results indicated in Table III . In the presence of free quinidine, concentrations of slightly less than 1 X 10-5 M benzyl alcohol in 2 x 10-3 M concentrations had little effect on binding. In the presence of a 7 x 10-3 M alcohol concentration, bound quinidine was reduced slightly from the 62 per cent expected if no alcohol were present to 58 per cent. With concentrations of benzyl alcohol at 2 x 10-2 M the inhibition of quinidine-albumin binding was very marked. An average of only 23 per cent was calculated for the bound fraction as compared with an expected 62 per cent. This is compatible with a contribution by the quinuclidine ring and the secondary alcohol of something like 1.5 kg-cal to the total energy of binding, a value close to that predicted from the previously noted experimental results. On the other hand, TED which presumably is similar to the basic quinuclidine structure, failed to reduce appreciably quinidine binding at pH 7.4 even when present in concentrations as great as 1 AI. Only a slight reduction from an expected value of 62 per cent to a calculated value of 58 per cent was found with 1 1\1 concentrations. Since the two pK's of triethylene diamine are 5 and 8.4, at pH 7.4 one of the nitrogens is mainly positively charged, as is the nitrogen in the quinuclidine ring (pK, 8.6). Therefore, further evidence is adduced that the quinuclidine ring per se does not seem to play an important part in the binding of quinidine to albumin, at least when the nitrogen group is positively charged, but that the alcoholic bridge fragment contributes something like 1 kg-cal to the reaction.
In view of these conclusions, we were somewhat surprised to find that in the presence of carbonate buffer at pH 10, the same concentration of TED reduced the binding to 64 per cent from an expected 90 per cent. This significant reduction in the binding, however, occurs at a pH at which the two nitrogens in the triethylene diamine and the nitrogen of the quinuclidine ring of quinidine are essentially all noncharged. We have found that at this pH the increased binding, found normally, relates mainly to an increase in the number of quinidine receptor areas in albumin from 1 to 3 (8) , possibly because of the loss of the polar effect of the positively charged nitrogen. This increased n value (3.0) is the same as that calculated for 4-hydroxymethyl-6-methoxy-quinoline. It is suggested that neutral TED in 1 M concentration may compete with neutral quinidine for these additional two albumin binding areas.
DISCUSSION
These data reveal a moderately large (Ka 7.7 x 103) association constant for the quinidine-albumin reaction, and an uncommon, one-for-one molar interaction-i.e., one receptor area for quinidine attachment in each albumin molecule. The basic quinoline ring structure apparently contributes a major portion of the binding energy about 2.9 out of 5.3 kg-cal. The neutral nitrogen of the quinoline ring (pK, 4.0), the methoxy group, and the secondary bridging alcohol group also contribute to the energy of binding and therefore presume to be sites of interaction wvith the albumin molecule. The specificity of the quinidine-albumin reaction is contributed to by all the three reactive groups as is evident by the increasing number of binding areas in albumin involved and the decreasing association constant values resulting as these groups are deleted from the molecule. Either hydrogen bonding or Van der Waals forces could account for these interactions. Formation of hydrogen bonds seems more probable in view of the virtually identical binding energies (0.5 to 1.0 kg-cal) concerned with each of the three reactive sites, and particularly because the experimental data appear to show that the energy of binding is the same for all albumin locations involved in binding both quinidine and related quinoline compounds. Equal Van der Waals interactions in all cases would imply nearly identical spatial complementarity of albumin and drug at the critical areas. It is improbable that the eight areas concerned in albumin would have the required structural identity. On the other hand, albumin sites at which hydrogen bond linkage to the quinoline nitrogen, the methoxy, and the hydroxymethyl groups of quinidine might occur have not been identified. Our recent unreported studies are compatible with the concept that the quinuclidine nitrogen forms a hydrogen bond with an imidazole nitrogen in a histidine residue of albumin. The methoxy group may form a hydrogen bond with a hydroxyl group in serine, and 7The term site as commonly used in characterizing drug-protein interaction has at least two connotations and needs to be defined for purposes of the present discussion. It has been used to refer to the point of molecular interaction between a reactive group or atom in the drug and a corresponding group in an amino acid of protein. Electrostatic interaction between a positively charged nitrogen atom in a drug and a negatively charged hydroxyl group in protein is one such example. We have reserved site for use in describing this form of interaction. Site or receptor site has also been commonly used to refer to the general area at which a drug is attached to a protein, irrespective of whether one or many drug-protein reactive group interactions take place, or whether, in our terminology, one or many sites of interaction are involved. Thus, in common parlance n is defined as the number of drug receptor sites per molecule of protein. In order to avoid needless confusion between the former (single) and the latter (in this case, multiple interaction), we have arbitrarily substituted the terms area or location for use in the second connotation. We have defined n as the number of receptor locations (or areas) for drug attachment to the albumin molecule. the suggestion has been made that a similar reaction may link the secondary alcohol to a hydroxyl group in tyrosine (personal communication from Dr. I. M. Klotz).
At pH 7.4, the quinuclidine ring does not seem to play a very great part in the binding of quinidine to albumin. Its most important role may relate to the action of the charged nitrogen in preventing binding at more than one reactive area in albumin. This role is suggested 1) by the fact that the simpler compound without the quinuclidine ring-4-hydroxymethyl-6-methoxy-quinoline-appears to react at three binding areas in albumin and 2) by the fact that when the positive nitrogen in the quinuclidine ring becomes neutral with increasing pH, the number of receptor areas for quinidine in albumin is also three. In brief, the uncharged form of quinidine may be able to attach itself at two additional areas in albumin where the charged form is unable to penetrate or attach. While this hypothesis may appear more attractive, an additional consideration is deserving of mention-competition for quinidine between the water and protein phases. Water solubility of quinidine varies markedly with pH in an inverse fashion. This relationship might be anticipated if the charged nitrogen groups (pK's of 4.0 and 8.6) were undergoing polar interactions with water. At a pH of 10, quinidine is nearly all in the uncharged form, quinidine solubility is slight, and with increasing pH, it rapidly becomes negligible. With decreasing pH below 7, quinidine solubility increases markedly, the acidic salts-quinidine hydrochloride and quinidine sulfate-being the compounds commonly used to prepare concentrated aqueous solutions of quinidine. Quinidine's high aqueous solubility at low pH, reflecting predominance of the most polar forms of the molecule, might be partially responsible for the reciprocally low degree of attachment to protein we have observed in unreported studies. In contrast, low aqueous solubility of the neutral form of the drug at high pH may account partially for the marked drug affinity for albumin noted under these conditions. To the extent that this process is operative, a plot of quinidine binding by albumin against pH should resemble a quinidine acid titration curve. Unfortunately, the former plot as obtained experimentally is more complex than the latter. Interpretation is not so simple as proposed and the issue remains unresolved.
The similarity of association constants for the quinidine-albumin and the (4-hydroxymethyl-6-methoxy-quinoline)-albumin reactions, and the finding of a receptor area in albumin available to both drugs led us to test whether these drugs have any common cardiovascular effects (11 Our findings of an apparently rather specific interaction between quinidine and albumin and a negligible or absent one between quinidine and y-globin makes this speculation plausible. The second question is: Why should the presence of the quinuclidine ring be critical to the cardiac but not to the peripheral vascular action of quinidine? The cinchona alkaloids have been known for many years to have the properties of a surface film agent. Accordingly, the cardiac cell surface has been proposed as a critical site with respect to quinidine action. The results indicating a quinidine-induced alteration in ionic transfer rates and ion distribution are compatible with this concept (1) (2) (3) (4) . Other surface active agents derive their activity from the hydrophilic nature of one portion of the molecule and a nonaqueous phase affinity of another. The substance is thus molecularly oriented so as to link aqueous and nonaqueous phases. From the observed characteristics of quinidine-albumin binding and of quinidine solubility in water, it appears that under appropriate circumstances quinidine can play this role. The quinoline portion of the molecule is albuminophilic and binds to protein, while the charged quinuclidine ring is hydrophilic and interacts with water. If this kind of reaction were required at the cell membrane interfaces in order to bring about the myocardial effects of quinidine, the necessary presence of the charged quinuclidine ring would be explained. We should therefore like to suggest the possibility that the cardiac effects of quinidine can be at least in part explained by its molecular orientation at cell interfaces.
SUMMARY
The quantitative aspects of quinidine binding to albumin were investigated in an in vitro dialysis equilibrium system. Similar investigations were made using related compounds-4-hydroxymethyl-6-methoxy-quinoline, 6-methoxy-quinoline, 4-hydroxymethyl-quinoline, quinoline, and naphthalene. The inhibitory effects on quinidine-albumin binding of these latter drugs, save naphthalene, and the effects of benzyl alcohol and triethylene diamine were evaluated. Quinidine-y-globulin binding was also evaluated and found to be negligible.
The quinidine-albumin reaction is characterized by the presence of one receptor area for quinidine per protein molecule and a moderately large association constant (7.7 x 103). The interaction of albumin and the quinoline compounds related to quinidine is characterized by an increasing number of available binding sites in albumin and decreasing association constants as the chemically active sites in the quinoline molecule are eliminated. All the quinoline drugs tested appear to compete with quinidine for a presumed common receptor area in albumin. This competition occurs in a manner which is at least semiquantitatively predictable from quinoline relationships with albumin, relative to those of quinidine with albumin.
Quinidine binding by albumin seems to depend upon protein interaction with the basic quinoline ring and a more or less equal interaction with the quinoline nitrogen, the methoxy, and the secondary alcohol groups. The last three groups probably interact with protein sites as a result of hydrogen bond formation. Minor interaction of the quinuclidine ring structure and albumin could not be excluded.
Observations on the similarities of 4-hydroxymethyl-6-methoxy-quinoline and of quinidine binding to albumin, on their similarities of structure, and on their comparative effects on the cardiovascular system may be considered in agreement with two hypotheses. Quinidine-albumin binding reflects the nature of the combination of quinidine with a "critical" receptor in the protein of arteriolar smooth muscle. Cardiac action of quinidine may result from a special orientation of the molecule at interfaces, with binding of the quinoline ring to interface lipoprotein and of the charged quinuclidine ring to water.
